Objective and design: GH insensitivity (GHI) encompasses growth failure, low serum IGF1 and normal/elevated serum GH. By contrast, IGF1 insensitivity results in pre-and postnatal growth failure associated with relatively high IGF1 levels. From 2008 to 2013, 72 patients from 68 families (45M), mean age 7.1 years (0.4-17.0) with short stature (mean height SDS K3.9; range K9.4 to K1.5), were referred for sequencing. Methods: As a genetics referral centre, we have sequenced appropriate candidate genes (GHR, including its pseudoexon (6J) , STAT5B, IGFALS, IGF1, IGF1R, OBSL1, CUL7 and CCDC8) in subjects referred with suspected GHI (nZ69) or IGF1 insensitivity (nZ3). Results: Mean serum IGF1 SDS was K2.7 (range K0.9 to K8.2) in GHI patients and 2.0, 3.7 and 4.4 in patients with suspected IGF1 insensitivity. Out of 69 GHI patients, 16 (23%) (19% families) had mutations in GH-IGF1 axis genes: homozygous GHR (nZ13; 6 6J, two novel IVS5dsC1 G to A) and homozygous IGFALS (nZ3; one novel c.1291delT). In the GHI groups, two homozygous OBSL1 mutations were also identified (height SDS K4.9 and K5.7) and two patients had hypomethylation in imprinting control region 1 in 11p15 or mUPD7 consistent with Silver-Russell syndrome (SRS) (height SDS K3.7 and K4.3). A novel heterozygous IGF1R (c.112GOA) mutation was identified in one out of three (33%) IGF1-insensitive subjects. Conclusion: Genotyping contributed to the diagnosis of children with suspected GHI and IGF1 insensitivity, particularly in the GHI subjects with low serum IGF1 SDS (!K2.0) and height SDS (!K2.5). Diagnoses with similar phenotypes included SRS and 3-M syndrome. In 71% patients, no diagnosis was defined justifying further genetic investigation.
Introduction
Disorders of growth hormone (GH) action frequently present with short stature in childhood and, although they affect a relatively small number of patients, the growth failure is often clinically significant and may be extreme (1) . The clinical entity of GH insensitivity (GHI) was first described by Laron et al. (2) and the phenotype reported, known as Laron syndrome, was subsequently demonstrated to be caused by homozygous or compound heterozygous mutations of the GH receptor (GHR) gene (3, 4) . These reports heralded the characterisation, using single gene sequencing, of defects in genes coding for functional proteins in the GH-insulin-like growth factor 1 (IGF1) axis, which regulate the physiological actions of GH. Key biochemical features in patients with GHI are normal or increased serum GH and low IGF1 (5) . GHI can also be due to defects in genes encoding the post-GHR signalling protein, STAT5b (6, 7) , IGF1 (8, 9) and the acidlabile subunit (ALS) (10, 11) . Heterozygous IGF1 receptor (IGF1R) mutations (12, 13) have also been reported (14, 15) and are characterised by IGF1 insensitivity. In contrast to the clinical presentation of GHI, the main predictors of IGF1 insensitivity are: pre-and postnatal growth failure, relatively high IGF1 levels, small head size, developmental delay and micrognathia (16, 17) . Additionally, the use of a clinical scoring system may aid the detection of IGF1R gene variants in children born small for gestational age (SGA) (16) . Rarely, IGF1 levels may be low in patients with IGF1R defects (17) . The identification of mutations in these genes has contributed to the clarification of the physiology of linear growth.
From the clinical perspective, it is of interest that, in defects of GH and IGF1 action, a continuum of clinical and biochemical abnormalities has emerged, ranging from extreme growth failure with recognisable dysmorphic features and severe GHI or IGF1 insensitivity to mild short stature with more subtle biochemical changes (18) . Although no relationship was initially demonstrated between height and the type of homozygous GHR mutation in subjects with extreme GHI (19) , the investigation of a broader range of GHI subjects (20) led to the discovery of dominant negative heterozygous splice site GHR mutations (21) and an intronic pseudoexon GHR mutation (22, 23) in subjects with a milder degree of short stature.
It is the variation of the clinical and biochemical features, which presents the clinician with the challenge of investigating patients with GHI or IGF1 insensitivity to identify known or potentially novel genetic abnormalities. A higher prevalence of genetic variants, identified by single gene sequencing, has been reported in children with heights !K2.5 SDS compared with less severely affected subjects (24) . However, although this is a logical hypothesis, these results need confirmation. We report our experience as a reference genetic centre of sequencing candidate genes in 72 subjects (68 families) with suspected GHI or IGF1 insensitivity referred for genetic analysis.
Subjects and methods

Patients
The Endocrine Centre at the William Harvey Research Institute in London has become a referral laboratory for the investigation of genetic defects in children with short stature. Between 2008 and 2013, we received DNA samples from a series of 76 subjects; four subjects were not tested as GHI or IGF1 insensitivity was excluded clinically and biochemically ( Fig. 1 ). Genetic sequencing was undertaken on 72 patients from 68 families (45 males and 27 females), mean age 7.1 years (0.4-17.0) with short stature (mean height SDS K3.9; range K9.4 to K1.5). Sixty-nine of the subjects were labelled as having GHI, i.e. low serum IGF1 and normal or high GH levels (groups 1-3; Fig. 1 ) with mean height SDS K3.9 (range K9.4 to K1.5). The remaining three subjects had features of IGF1 insensitivity (height SDS K2.4, K3.1 and K3.9). Samples were referred from: UK (nZ50), Kuwait (nZ6), Poland (nZ7), Germany (nZ3), Egypt (nZ2), Croatia (nZ1), Italy (nZ1), India (nZ1) and Belgium (nZ1). Birth weight, height and BMI data were expressed as SDS according to the appropriate national standards. Patients were investigated in their home institutions and the referring physicians completed a proforma detailing clinical and biochemical data at the time of sending the DNA sample. The referring clinicians excluded causes of secondary GHI, including undernutrition.
Biochemical tests
Serum IGF1 levels were measured in the referring institutions before DNA samples were sent for genotyping. For this reason, determination of serum IGF1 concentrations in a central laboratory was not possible. A number of different assays were used, depending on the centre. IGF1 values were expressed as SDS based on the age and sex appropriate reference range provided by the institution. Mean serum IGF1 SDS was K2.7 (range K0.9 to K8.2) in patients with suspected GHI and 2.0, 3.7 and 4.4 in patients with suspected IGF1 insensitivity. In 20 out of 72 (28%) GHI subjects, the serum IGF1 was undetectable (less than the lower limit of the assay); therefore, the value at the lower limit of the assay was used to calculate the IGF1 SDS for these individuals. GH secretion was assessed at the referral centres and was normal in all subjects, i.e. a peak value during pharmacological stimulation R7 mg/l (mean 25.9, range 7.0-119.0; nZ63) or a basal value R10 mg/l (mean 84.0 mg/l, range 10.0-398.0; nZ9). allocated to groups 1-3 (total nZ69). Group 4 included patients with suspected IGF1 insensitivity (nZ3). Group 1, GHI with high suspicion for a genetic defect (height SDS %K2.5, IGF1 SDS %K2.0) nZ52; group 2, GHIS with intermediate suspicion for a genetic defect (height SDS %K2.5, IGF1 SDS K1.9 or K2.0) nZ6; group 3, GHIS with low suspicion for a genetic defect (height SDS K1.5 to K2.5, IGF1 SDS %K2.0) nZ11 and group 4, suspected IGF1 insensitivity (height SDS %K2.0, IGF1 SDS R2.0) nZ3. The genetic analysis undertaken on the subjects depended on the clinical and biochemical features ( Fig. 1 ). The GHR, the GHR intronic pseudoexon (6J) and IGFALS genes were sequenced in all patients with suspected GHI (groups 1-3). GHI subjects (groups 1-3) with evidence of immunodeficiency and/or atopy/eczema also underwent STAT5B sequencing (nZ7). The IGF1R gene was only analysed in patients with suspected IGF1 insensitivity (group 4). Following initial gene sequencing, GHI patients (groups 1-3) who did not have a molecular diagnosis and were born SGA (birth weight SDS %K2.0) (nZ8) Table 1 )one is in group 1 and the other is in group 3. Therefore, the three IGFALS gene defects are found in two families.
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www.eje-online.org underwent IGF1, OBSL1, CUL7 and CCDC8 gene analysis (group 1, nZ6; group 2, nZ1 and group 3, nZ1). Unfortunately, birth weight data were not available for a number of subjects, therefore IGF1, OBSL1, CUL7 and CCDC8 gene defects may be missed in some SGA patients with no reported birth weight. Additionally, IGF1R defects with an atypical presentation, i.e. with low IGF1 levels would also be missed by this approach.
Ethical approval
All patients and/or their parents gave informed consent for genetic testing and this study was approved by the NRES Committee East of England -Cambridge East (REC reference: 11/EE/0515).
Molecular analysis
Genomic DNA was isolated from peripheral blood leukocytes using the Qiagen DNeasy Kit. Coding exons, including the intronic boundaries of the GHR, the GHR intronic pseudoexon (6J), STAT5B, IGFALS, IGF1, IGF1R, OBSL1, CUL7 and CCDC8 genes were amplified by PCR from genomic DNA. PCR products were visualised on a 1% agarose gel. Direct sequencing was carried out using standard techniques (primer sequences are available on request). The products were purified and sequenced on an automated DNA sequencer (ABI 3700) according to the manufacturer's instructions. The novel mutations we describe have not previously been reported and were not present in SNP databases including: the Human Gene Mutation Database (HGMD) (http://www.hgmd.cf.ac.uk/ ac/index.php), NHLBI GO Exome Sequencing Project (ESP), Exome Variant Server (accessed February 2014) (http://evs.gs.washington.edu/EVS/), ESP6500 and Ensembl (http://www.ensembl.org/). Multiplex ligationdependent probe amplification (MLPA) was not performed; therefore, gene deletions might have been missed by this methodology. Two patients were also referred to clinical geneticists by their home institutions. Subsequently, they underwent molecular investigations for Silver-Russell syndrome (SRS), i.e. analysis for maternal uniparental disomy for chromosome 7 (mUPD7) and loss of methylation (LOM) of the 11p15 ICR1 (imprinting control region) telomeric domain as described previously (25) . Genetic testing for SRS was not carried out on other subjects in this cohort; therefore, it is possible that other cases of SRS might have been missed.
Statistical analysis
The differences among the mean height SDS, mean peak GH and mean IGF1 between groups were analysed using an unpaired t-test (GraphPad Prism 6, San Diego, CA, USA).
Results
Mutations identified in the GHI-and IGF1-insensitive patients
In patients with suspected GHI, mutations were identified in the GHR, the GHR intronic pseudoexon (6J) and IGFALS genes in 16 out of 69 (23%) subjects, 12 out of 65 families (19%). Details of patients and their mutations are given in Table 1 and Fig. 3 . The mean height and serum IGF1 SDS of the GHI patients with mutations were K4.6 (range K6.9 to K2.0) and K4.1 (range K8.2 to K1.9) respectively. Serum IGF1 was undetectable in 50% (8/16) GHI subjects with GHR or IGFALS mutations. The mean peak GH concentration or GH basal values were 37.6 mg/l (range 10.0-119.0 mg/l) (nZ13) and 156.8 mg/l (range 12.3-398.0) (nZ3).
In 13 out of 69 (19%) subjects (10/65 families; 15%) studied, homozygous mutations of the GHR were identified ( Fig. 3A ). In six out of 13 (46%) individuals (4/10 families; 40%), the defect was the previously described intronic pseudoexon GHR mutation (c.618C792AOG; 6J) and, as reported previously, all these patients were of Pakistani origin (23) . Two of the six intronic pseudoexon mutation patients were siblings and another two were brothers. These two pairs of siblings and the other individuals with the same mutation were reportedly unrelated. However, we have previously demonstrated that all pseudoexon cases had the same genotype at the GHR locus suggesting a founder effect; therefore, it is likely that these six Pakistani pseudoexon mutation patients also have a common ancestor (23) . The less severe phenotype of the subjects with the pseudoexon mutation compared with patients with the other GHR mutations (mean height SDS K3.9 vs K5.9 respectively) can be seen in Fig. 2 . Five patients had previously described homozygous GHR mutations: one had a splice site mutation (c.785-6TOA), one a nonsense mutation (c.247COT) and three unrelated patients had the missense c.703COT mutation (26, 27, 28, 29) . Two brothers had a novel homozygous mutation (c.439C1GOA) in the GHR, which is predicted to cause a frameshift and be highly damaging. Out of 13 patients, 12 harbouring a homozygous GHR mutation had a 'classical' Laron facial phenotype (30) . The remaining patient with a pseudoexon mutation had normal facial features.
In three (4%) of the GHI subjects studied (2/65 families; 3%), homozygous mutations of the IGFALS gene were identified (Fig. 3B ). Two had a previously described homozygous IGFALS mutation c.401TOA (31, 32) , and one had a novel c.1291delT mutation. The individual with a novel mutation has been recently published as a case report (33) . The novel mutation was a splice site, single-base deletion in exon 2, which was predicted to result in a frameshift leading to a premature stop codon and abolition of the leucine-rich repeats between amino acid residues 574-618, required for protein-protein interactions. This may affect the protein's ability to form a ternary complex with IGF1. The heights of the subjects with IGFALS mutations ranged from K2.0 to K3.9 SDS, the stimulated GH levels were 10-28.7 mg/l and IGF1 SDS were K3.6, K2.1 and K1.9 (Fig. 2 ). Both subjects had undetectable serum IGFALS and IGFBP3. No defects were identified in the seven subjects who underwent STAT5B sequencing.
One of the three patients referred with suspected IGF1 insensitivity had a novel heterozygous missense mutation in the IGF1R gene (c.112GOA; Fig. 3C ). Consistent with previous reports (17) , she was born SGA (birth weight SDS K2.7), had childhood short stature (height SDS K3.1) associated with a moderately high IGF1 (SDS 2.0) and an elevated basal GH of 17.5 mg/l (peak GH 9.6 mg/l) (Fig. 2) . This mutation is predicted to be highly damaging in terms of protein function by PolyPhen 2 (http://genetics.bwh. harvard.edu/pph2/) with a score of 1. Parental DNA identified the heterozygous variant in the subject's mother and the father had WT sequence.
Genetic findings in subjects sharing the GHI phenotype
Genetic defects outside the GH-IGF1 axis were identified in four subjects who also had features of GHI, namely short stature, normal GH secretion and IGF1 deficiency ( Table 2 ). In two subjects who were SGA (birth weight SDS K2.3 and K1.8), hypomethylation in the imprinting control region 11p15 or mUPD7 has been demonstrated confirming SRS (25) . The individuals had height and IGF1 SDS of K3.7 and K4.3, and K2.8 and K3.4 respectively (Fig. 2) . Basal GH was 12.7 mg/l in one subject, and peak GH was 12.5 mg/l in the second. The other two patients had the characteristics of GHI and the dysmorphic features consistent with 3-M syndrome, i.e. frontal bossing, depressed nasal bridge, bitemporal hair thinning and high-pitched voice (34) . These subjects also had low birth weights (K3.2 and K5.2 SDS), short stature (height SDS of K4.9 and K5.7) and IGF1 deficiency (SDS of K2.5 and K3.3) respectively. Peak GH concentrations were 32.0 and 12.5 ng/l ( Table 2 ). In these patients, previously described homozygous c1359dupA and c.1465COT mutations were identified in the OBSL1 gene ( Table 2 ) (35) . Another patient had an unknown heterozygous single-base deletion in CCDC8 (p.E16fs*26). No other variants with minor allele frequency (MAF) !1% were identified in the genes associated with 3-M syndrome (OBSL1, CUL7 and CCDC8).
Individuals with no diagnosis
In 51 out of 72 (71%) patients (32M, 19F) no diagnosis was defined by single gene sequencing (Fig. 1 ). This comprised a cohort of patients with suspected GHI (nZ49) and IGF1 insensitivity (nZ2). The GHI patients were of mean age 7.8 years (range 0.4-17.0) and had mean height SDS K3.6 (range K1.5 to K9.4) and mean serum IGF1 SDS K2.4 (range K5.8 to K2.0). Patients with suspected IGF1 insensitivity had height SDS of K2.4 and K3.9 associated with IGF1 SDS of 3.7 and 4.4 respectively. Therefore, in a significant proportion of GHI-and IGF1-insensitive patients, even those with very severe short stature, 
Diagnostic value of height and IGF1 SDS
The mean height SDS, mean IGF1 SDS and mean peak GH levels were significantly different in the GHI patients with a homozygous GHR (including the intronic pseudoexon GHR (6J)) defect and the GHI individuals lacking a genetic diagnosis. The mean height SDS, mean IGF1 SDS and mean peak GH levels were also significantly different in the GHI patients with either a homozygous GHR, 6J or an IGFALS defect and the GHI individuals lacking a genetic diagnosis. Additionally, the mean height SDS and IGF1 SDS were significantly lower in GHI patients with a genetic defect in the GHR, 6J, IGFALS and OBSL1 genes or with a diagnosis of SRS compared with those GHI patients with no genetic diagnosis ( Table 3 ).
Discussion
The referral of children with short stature who have normal GH secretion is significantly more frequent than those with GH deficiency. The identification of a causative genetic mutation in such a patient can confirm the cause of growth failure and provide information relevant to the growth prognosis. The range of phenotypes expressed as heights in children with GHI has been reported to be broad (19, 20, 36) and the results reported in this study further confirm the existence of a continuum of genetic and phenotypic abnormalities in GHI subjects (18) and justify the genetic assessment of children with phenotypes ranging from extreme growth failure, as in Laron syndrome, to less severe short stature as in IGFALS mutations (11) and dominant negative GHR defects (21, 37) . Similarly, the degree of IGF1 deficiency can vary throughout this continuum and depends on the degree of disruption of IGF1 generation induced by a causative mutation (18) . The cohort of subjects we have investigated is predominantly male (63% vs 37%), similar to the only other comparable published series of 35 short-stature patients with apparent GHI referred for genetic analysis (69% males vs 31% females) (24) . The explanation for this sex bias is unclear but concurs with other published reports regarding the sex differences in children referred with short stature (38, 39) . Whether these differences result from the selection bias of families and/or physicians or unrelated factors remains uncertain. The nature of a pathogenic GH-IGF1 axis mutation can to some extent be predicted by the phenotype and biochemical characteristics of the patient. For example, extreme deficiency of IGF1, IGFBP3 and ALS associated with a relatively mild phenotype would be consistent with a mutation of IGFALS. An intermediate phenotype with moderate deficiency of IGF1 would be a candidate for a pseudoexon or dominant negative GHR mutation (21, 23, 40) . Although very low serum IGF1 levels are predictive of a genetic mutation, particularly a homozygous GHR (but not the intronic pseudoexon) defect, in the rest of the cohort, there is considerable overlap of patients with and without a defined genetic diagnosis. This may reflect the wide variability and the sensitivity of the IGF1 assays, as a significant proportion of patients (28% in the whole cohort, 50% of patients with a genetic diagnosis) had serum IGF1 levels less than the lower limit of the assay, i.e. undetectable. It was regrettable that central determination of serum IGF1 was not possible.
The relationship of the severity of the short stature to the prevalence of GH-IGF1 mutations has not yet been clearly defined. As expected, patients with homozygous GHR mutations (but not the pseudoexon intronic mutation) have the most extreme phenotypes of our cohort. Wit et al. (24) have reported more genetic variants in children with heights !K2.5 S.D. compared with those with less severe short stature. It would be logical for this finding to be confirmed, as mutations altering the function of key proteins in the GH-IGF1 axis would be expected to be more prevalent in children with severe growth failure. Our data suggest that there is an increased likelihood of finding a genetic mutation in individuals with height SDS %K2.5 and IGF1 SDS %2.0. However, we also demonstrate that it is possible to have severe short stature and have no identifiable defects in the genes known to cause GHI. Additionally, genetic defects such as It is therefore important to consider the clinical (particularly height SDS) and biochemical information before embarking on genetic investigation. The cohort we investigated included subjects with a wide range of phenotypes and ages at presentation. We also recognise that our cohort incorporates a selected group of subjects. However, in the subjects with suspected GHI, a combination of a very low serum IGF1 and height SDS increased the likelihood of a genetic defect being discovered, as both were significantly lower in the subjects with a genetic diagnosis compared with those lacking a molecular diagnosis. Additionally, peak GH levels were significantly higher in the GHI subjects with homozygous GHR/intronic GHR pseudoexon mutations compared with the subjects with no molecular diagnosis. Interestingly, there was no overlap of height SDS with patients who had intronic GHR pseudoexon mutations and those with other homozygous GHR mutations. A characteristic phenotype in the group of patients with an intronic GHR pseudoexon defect has been suggested, as proposed previously (23) . The high number of intronic GHR pseudoexon mutations identified in our cohort compared with other genetic defects probably reflects the consanguinity in certain ethnic communities within the UK.
The prevalence of heterozygous mutations of GH-IGF1 axis genes has been reported since the early molecular analysis of subjects with possible GHR mutations ( Fig. 3) . Despite the finding of heterozygous GHR mutations in subjects with idiopathic short stature (41) , no clear proof exists that such mutations, with the exception of the dominant negative splice site mutation (21) , affect GHR function sufficiently to cause a short stature phenotype. However, there is evidence that heterozygous IGFALS mutations can influence growth, with a more subtle effect of w1.0 S.D. being demonstrated compared with WT subjects and an additional 1.0-1.5 S.D. in subjects with homozygous defects (31, 42) . The suggestion has also recently been made that heterozygous mutations of two or more growth-regulating genes may combine to induce a short stature phenotype (24) .
Defects of IGF1 action are characterised by impaired foetal growth; therefore, a combination of impaired foetal and postnatal growth is suggestive of either IGF1 or IGF1R mutations. Heterozygous IGF1R mutations and IGF1R gene deletions are a recognised cause of short stature associated with intrauterine growth retardation, microcephaly, developmental delay and micrognathia (18) . One patient who was referred with suspected IGF1 insensitivity was found to have a heterozygous IGF1R mutation. This subject presented with the classical phenotype of pre-and postnatal growth failure associated with a moderately high IGF1. This suggests that genetic analysis can also be helpful in the assessment of children with suspected IGF1 insensitivity, particularly those with serum IGF1 SDS O2.0 and height SDS !K2.0. Although this was not undertaken in this study, MLPA analysis is also recommended to detect IGF1R gene deletions.
The features of GHI, namely short stature, normal GH and low IGF1, are relatively crude and it is not surprising that they may be seen in a number of other growth disorders. We identified two such disorders, SRS and 3-M syndrome. Pathogenic mutations consistent with these diagnoses were identified emphasising the critical importance of accurate clinical phenotyping. In the subjects with SRS, careful clinical assessment, as published, may have suggested the diagnosis (25, 43) . Similarly, the key features of 3-M syndrome which are pre-and postnatal growth restriction, prominent heels, facial dysmorphism (triangular shaped face, anteverted nares and full fleshy lips), normal intelligence and radiological features (slender long bones and tall vertebral bodies) are now being increasingly recognised as this disorder enters into the differential diagnosis of children with possible GHI (35) .
In conclusion, the findings reported in this study demonstrate that genetic defects can be identified in children presenting with short stature and features of GHI or IGF1 insensitivity and confirm the existence of a continuum of genetic and phenotypic abnormalities. Knowledge of the clinical and biochemical features associated with such mutations may help to orientate the clinician and the molecular scientist to the most likely candidate gene to be affected. Additionally, careful evaluation of height SDS and serum IGF1 SDS before referral for genetic testing may improve the diagnostic yield. Definition of a causative mutation can contribute to clinical management by confirming and clarifying the aetiology of the short stature, by supplementing information on long-term growth prognosis and by providing the basis for genetic counselling.
